A new cellular fiber was obtained by a post-treatment of spun fibers. Cellular polymers such as poly(ethylene terephthalate) show great promise for different engineering applications due to their high density property. Recent study has shown that some high density cellular polymers possess long fatigue life and/or equivalent strengths as compared with commercial-type neat polymers. However, only few studies have focused on the process of cellular polymer fibers to date. In this paper, the effect on a cellular structure of cellular PET fibers (hereafter called "CPET fibers") subjected to different forming processes is discussed. An ultra saturating gas method was used to fabricate the CPET fibers with different cell densities. Inert gas nitrogen (N 2 ) was saturated in PET fiber at high pressure to form a polymer/gas system. A pressure vessel was then discharged and polymer/gas solutions were foamed at a temperature controlled medium. The effect on the fiber's cellular structure, particularly on the fiber cell density with different processing parameters such as pressure, saturation time, foaming temperature and time was investigated in detail. Experimental results showed that the cell density of the CPET fibers increased with increasing the pressure, saturation time, foaming temperature and time. The saturation time and pressure are key factors that affect the density of cells formed inside the CPET fibers. The foaming time however showed no substantial influence on the cell density of the fibers when held longer than 10s.
Introduction
Typical cellular polymer materials are mainly thermoplastics characterized by the cell size and specific density reduction in the ranges of 1 to 100μm and 5% to 98%, respectively. Many previous studies have shown that these materials have exhibited outstanding impact and fracture strengths, high stiffness-to-weight ratio, long fatigue life, high thermal stability with low thermal conductivity, and low dielectric constant. Therefore, the cellular polymers can be used as structural components for heat insulation and packaging in many engineering sectors [1] . Currently, the preparation of cellular polymers can be conducted by four methods: they are (i) thermo-induced phase separation [2] , (ii) monomer polymerization [3] , (iii) compression fluid anti-solvent precipitation [4] and (iv) ultra gas saturating [5] . In this study, a novel cellular PET fiber (hereafter called "CPET fiber") was prepared by using the ultra saturating gas method. Nitrogen (N 2 ) was saturated in PET fibers at high pressure in which a homogenous gas and polymer system was formed. Thereafter, the pressure was discharged and the polymer/gas solution was foamed at a temperature controlled medium. By using this method, the cellular polymers can be manufactured in the forms of thick and thin plastic films. Up to date, few reports have addressed that the cellular fibers can be used as fillers for the purposes of sound adsorption and thermal insulation for textile products. In the early 60's, hollow fibers with good heat insulating properties had been prepared and various profiled fibers were then developed thereafter. Among those fibers, hollow fibers, which was bio-inspired, prepared through their simulated hollow structure of natural compound fibers have higher toughness and bending strength as well as heat preservation, low specific density and good sound absorption. The profiled fibers were prepared mostly by the modification of a spinning nozzle, which is easily damaged and costly to manufacture. Here, the CPET fibers were obtained by a post-treatment of spun fibers. The effect on the fiber's cellular structure, particularly on the fiber's cell density with different processing parameters such as pressure, saturation time, foaming temperature and time was investigated in detail. The formation of a cellular foam structure was mainly carried out by three main steps; nucleation, expansion and solidification. Nucleation is the process in which the gas penetrated into the base polymer in its gaseous phase and formed a great deal of original micro-cells. In this study, the nucleation points were in the free volume of the polymer molecules [6] [7] . The saturation gas was forced into the free volume of polymer by the means of high pressure, and then expanded to become plenty of foams after the treatment of pressure discharging and thermal treatment. The free volume was one part of the polymer which was dispersed into the whole substance in the form of cavity. The theory about free volume has been proposed by Fox and Flory [8] . It is believed that the volume of liquid or solid material is composed of two parts; one is taken by the molecule while another part was the free volume. The cell density and distribution of cellular polymer were mainly determined by the nucleation. And the nucleation was determined by the gas saturation time and pressure. The PET fiber was saturated with N 2 at room temperature over various saturation pressures for 12h. The samples were then foamed for 10 mins. after the saturation process in the oven at a foaming temperature of 160 0 C for 10s. Figs.1 and 2, and Table 1 show the effect of N 2 saturation pressure on the cell density of the CPET fibers. The cell density of CPET fibers could be accomplished by using Eqs 1 and 2, where V f is the void fraction of the foamed material (dimensionless), D c is the average cell diameter measured from the micrographs (cm). N f is the cell density related to the foamed material and can be estimated from the micrographs by extrapolating the area density of cells (cells/cm 3 ), and ρ c is the cell density related to the neat material (cells/cm 3 ).
Results and Discussions
In these figures, they show that the cell density increases with an increase of saturation pressure. It is because; N 2 can overcome the intermolecular cohesion and enter the free volume in polymer. When the pressure increased, N 2 molecule could easily enter the free volume of polymer. Consequently the number of cells became more and more and therefore the cell density was increased. However, it seemed that the diameter of the cells decreased with the increase of the applied pressure. In the whole process, suitable time duration was required for the deformation of macromolecules, and gas penetration into the polymer system under pressure. In order to study the effect of saturation time on the cell density, the PET fiber was saturated at room temperature. A fixed pressure of 6MPa over different saturation times and then foamed for 10 minutes after the saturation in the oven at a foaming temperature of 160 0 C for 10s was conducted.
(a) (b) (c) Fig. 3 . Effect of N 2 saturation time on the cell density of CPET fiber: (a) 8h, (b) 12h, (c) 24h.
In Figs. 3 and 4 , and Table 2 , they show the effect of saturation time on the cell density of the CPET fibers. Obviously, it is found that the number of gas entered into the free volume of the polymer and the cell density increase with the increase of the saturation time. Certainly, when the time went on, the gas molecule in the free volume of polymer got saturated and no more molecules could enter. 
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The expansion stage was immediately followed by the nucleation. The degree of expansion was mainly determined by viscoelasticity and expansibility of PET. As a common practice, the viscoelasticity of materials is normally determined by the performance of the raw materials and their processing conditions. Expansibility is mainly determined by the cell's inner pressure and diffusion velocity of gas molecule in the polymer. In other words, the faster the gas diffuses, the faster the cell expands. The core is formulated when gas enters the polymer under high pressure. Then the free volume of polymer increases when the temperature is suddenly elevated. The cells growth and shaping followed.
Obviously, the effect on N 2 foaming temperature was so important on the cell density of PET fibers. In order to study in detail the effect of foaming temperature on the cell density, the PET fibers were saturated at room temperature and a pressure of 6MPa for 12h, then foamed 10 minutes after saturation in an oven over various foaming temperatures for 10s. In Figs. 5 and 6, and Table 3 , they show the effect of foaming temperatures on the cell density of PET fibers. It shows that few cells were in the fiber when the foaming temperature was lower than 100 °C. However, there was a fast increase along with the increase of temperature when the temperature was higher than 120 °C. After the temperature reached 180 °C, the cell density increased even faster. And the diameter of the fiber increased obviously as shown in Fig. 5 because of the expansion of the gas. Based on the measured results, the foaming time was of a great consequence for the configuration of cells. In order to study the effect of foaming time, the PET fibers were saturated at room-temperature after the saturation in an oven at a foaming temperature of 160°C over various foaming times. Figs. 7 and 8 show the effect of foaming time on the cell density of CPET fibers. It shows that the cell density increases with the increase of foaming time when the time was less than 10s. However, it also shows that no substantial influence on the cell density is found when the foaming time was longer than 10s. 
Conclusions
A cellular PET (CPET) fiber was obtained by a post treatment of spun fibers. The cell density of CPET fiber increased with the increases of pressure, saturation time, foaming temperature and foaming time. The saturation time and pressure were found to influence the cell density of the cellular fiber greatly with similar curvilinear trend. The foaming time, however, shows no substantial influence on the cell density when it is longer than 10s.
Experimental Setup
Neat PET fibers were obtained from Shanghai LianHan Chemical Fiber Company. The insert gas of Nitrogen with the purity of 99.9% was used for saturating the PET fibers. High pressure autoclave and air compressor made by Jiangsu Hai'an Petroleum Scientific Instrument Factory and Shanghai Air Compressor Factory, respectively were used for the pressure and temperature controls during the manufacturing process of CPET fibers. An optical microscope (Japan VICTOR Corporation, JVC® with video camera and image processing) was also used for fractographic examination of the integrity of CPET fibers.
A PET/N 2 system was formed using a high pressure gas saturation technique. The sample was placed inside the high-pressure autoclave at room temperature. The autoclave was then charged with the saturation gas, 99.9% pure N 2 . The pressure autoclave maintained isobaric condition throughout the sample saturation, and it was maintained at room temperature. Once the required saturation time reached, the pressure autoclave was discharged and the sample was then removed. Following the saturation, the fiber/gas system was foamed at a temperature-controlled medium. After that, the sample was quenched in a water bath to insure the formation of a cellular structure. Characterization of foamed samples was then examined by using the optical microscope, and the average diameter, cell density and distribution of the foams were measured.
